Forest structure reflects the forest disturbance regime, and can provide important information about 2 the rate of human impact. A better understanding of the structural variability and large-scale 3 dynamics of natural forests is crucial for "close-to-nature" forest management planning. In this 4 study, we developed a partly automated approach to assess the structure of potential primeval and 5 managed beech forests in the Ukrainian Carpathians using WorldView-2 imagery. We analyzed the 6 local (50 × 50 m scale) canopy closure of these forests by extracting the canopy gaps, and 7 determined four forest structure types ranging from very closed to low density. The occurrence and 8 frequencies of these structure types were significantly different in the primeval and managed beech 9 forests. The four forest structure types were predicted and mapped using multinomial logistic 10 regression based on the textural features derived from the original image bands and two vegetation 11 indices. A 10-fold cross-validation resulted in an overall accuracy of 83% and a kappa coefficient of 12 75%, with the highest agreement for the very closed structure type (87%) and the lowest for the 13 medium and low density (79%). The forest structure type maps can be helpful for planning 14 management activities in beech forests.
Methods

158
The methodological workflow to assess the beech forest structure consisted of three main steps: 1) 159 canopy gap extraction, 2) structure type determination, and 3) structure type mapping (Figure 2 ). to the total cell area (see Figure 3 for an example of a test area). The gap fraction distributions were 205 analyzed to assess the spatial heterogeneity of the canopy cover for primeval, old-growth, and 206 middle-aged beech forests (see Figure 4A -C). Based on the frequency distributions, four structure 207 types were defined: very closed (gap fraction 0%), closed (gap fraction 0.1% to 10%), medium 208 density (gap fraction 10.1% to 20%), and low density (gap fraction >20%) ( The image feature extraction included three main steps. First, a set of spectral features from the 215 WorldView-2 image was generated (Table 3 ). In addition to the original bands, the NDVI was of the textural features were performed in the R software environment using the package glcm.
229
Third, a multicollinearity test was conducted for all 80 textural features using the vifstep function 230 from the R package usdm. Variables that correlated highly with a variance inflation factor (VIF)
231
>10 were excluded from the set through a stepwise procedure (Neter et al. 1996) . The remaining 15 232 textural features were then used as explanatory variables to predict the forest structure types. The forest structure type map generated for the masked canopy cover using the classification model
295
(see Table 7 ) was visually inspected and compared with the entire WorldView-2 orthoimage. To
296
illustrate this, Figure 5 shows the predicted map of the forest structure types for one part of the 297 study area. study, the lack of a high-quality DTM together with the topographic complexity of the study area 319 affected the pre-processing of the remote sensing data. The only alternative was to use the 320 resampled 90 m spatial resolution DTM from the SRTM mission. Furthermore, it was difficult to 321 collect a large number of GCPs with small errors due to the high proportion of forest cover in 322 combination with complex terrain in the study area.
323
It was impossible to delineate canopy gaps and map the forest structure types on the entire
324
WorldView-2 imagery due to the limitations of VHR optical remote sensing data. To ensure the 325 analysis was reliable, the forest structures were assessed only in those parts of the study area that 326 were closer to the nadir. On the slopes with an exposition of 120º-220º, the inclination of the terrain 327 and the large viewing angle of the satellite meant that the canopy gaps were underestimated.
328
In general, the transferability of the approach to other regions and sensors, or to multitemporal data To investigate the structure of forest stands using remote sensing data, sufficient reliable field 347 D r a f t were similar in both the stand descriptions from the SFMPO ( of establishment or early optimum.
440
The frequency distributions of the forest structure types we found in the beech forests in our study found that the plenter and late optimal stages, which are comparable to our medium density structure The limitations of our approach are mostly related to the specific properties of VHR remote sensing 459 data, which made it impossible to map the forest structure types for the entire study area. Thus, one-460 to-one transferability of our results to other beech forest regions or using multitemporal data sets are 461 encouraged, but have to be handled with care.
462
Other sensors, e.g. LiDAR or Sentinel-2 imaging mission, may have advantages regarding these 463 limitations and replicability, and thus enable further automatization of our approach. Using LiDAR 464 data sets may reduce the need to collect costly a priori information to sample reference data, while 465 using Sentinel-2 may enable the mapping of forest structure over large areas. Table 3 . Image features used in the study with the total number of features given in brackets. 
